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Photocleavable Fluorescent Nucleotide*! for DNA Sequencing on a Chip 
Constructed by Site-Specific Coupling Chemistry 
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Throughout this application, various publications are 
referenced. Full bibliographic citations for these 
publications are found at the end of the specification 
immediately preceding the claims. The disclosures of these 
publications in their entirety are hereby incorporated by 
reference into this application. 

Specifically incorporated are the contents of U.S. Patent 
No. 6,664,079, particularly the names and structures of all 
nucleotide analogues therein, and all methods for DNA 
polymerase-based DNA sequencing. 

The methods of this invention apply, mutatis mutandis, to 
the sequencing of RNA. 

ionization time-pf-flight. 
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ABSTRACT 



.».«U mSS^ on « solid surface otters new paradigms to overcome 
DNA sequencing by synthesis <DSS) on «.b ^ 

stations or electrophoresis-based dCTP . PC . 
pbotocleavabte fluorescent nucleotide analogues (dUTP PC ^Bod py „ e 
Bodipv-050 and dUTP-PC-KOX) on a glass cbip constructed hy » 1 >^J^£*t 
addition conpling cheery. ««* nuclide analogue cons ^ 
Quor op,o.e au^cd „ ^ *ro,gb a photocleavab* 

...h,! i-diDOlar cycloaddltion chemistry to awe 
., vn , (M _ oNA microarray using the 1,3-aipoiar ijuu 

l the — ^- — *r :::;; c ^i" 

can be accurately incorporated into a growing DNA * J F» > ^ 



sequence. 



» identify 8=~ - ' r 0 ™"** 1 ' , *„, ,„ OItle , „ explore the 

, 2) . to o-rereonre the ««« <* _ f ^ in| , „ tll , od! 

„tag l_ ta*K»* floorer < 3 * T 



colonies (13). 



Cipher tire genome «- .*»» „ ^„ a , „ 

m^^^^^^^Z. md „, ide irereeoi.reiy rife. ■» 

ineorporotiori into a growing DNA snana in P » detection before 

„»cleonde amlog™*. Each of the 4 euo moiety lo cap 1h* V- 

0H „ to ^ „ — b ^ U, ,^ *= 



a cionHuant advantage offered by the photochemical 



DNA sequencing by synthesis. 



~— — r^zrr^* ft, . — - - 

(,«n«phora remain ™ A >»»-™ „aimto of. disulfide 

^ . . « — . m- » — ^^Z^L - — 

However, fte disulfide bond can be reversed and destabilized wider c 

Ara ,fterc„e« - - .- ■ ™ T^d^^lt 

washed away from tne uss/\ y Jlf . f . llr ate acne expression 

fo r fte - » • — — " " ^ ^« Lnt, 

„e„ CIS). „d po^ldsft - — « -c-~l* 

„ . solid ^ «— '• *T*" ">"" ra " OT or P 8 



;™i .o Achieve hifih selectivity and coupling efficiency. 
Mobilizing DNA on a surface » reaped to ^ ^ DNA ^ ^ 

^_ h„,i ™ nnc rtv reauired for the functional groups to be Louplec tone uo 

single-stranded DNA ^W^^^^^^j;^^^ 
DNA in . eu««M»ve yield »ta «!—.. » 80 C ' ^ „ 

puttee 1.4--**— ~ «?> _ . M ,„ tne modification of 

« ^ o[ . ^ p-te to. 

«o,o g ,c. W (»). * < «^ * criip'fot •» «» 6 P»«~l-v* k ««««« 



the template sequence. 
Materials and Methods 



Materia.* and Mctbo... gi otherwise indicated. 'H and °C NMR 

All chemicals were purchased from S.gma Aldnch High-resolution mass 

, . Rruker 400 and 300 spectrometers, respectively, riign 
spectral recorded on Broker 400 »P jeOL (Tokyo, Japan) IMS HX 110A mass 

mDU o\ jgta were obtained using a JtuL \">^«. h 
spectrometry (HRMS) data wer Voyager DE MALDI-TOF mass 

— — M ^r~; a Ic Lde contact ang.e goniometer .as used for the 
ammeter CAP P ~^^ ^ (AHM) images .ere 

— "muLode scanning probe microscope in the tapping mode, 

acquired using a NanoScope multimoae ■ . , 450 w hi gh.preS3»rre Xenon 

« - performed at MO run (10 w* 11 — 340 - (CV, 

Use,, AltnupteKpie, NM) «U> • W "!* '->■"••• 



equipped with four lasers with excitation wave.engths of 48R nm. 543 nm, 94 
^mLon «« censed at 52 2 «, 570 nm, 6M ntn and 6V0 nm, n^vcly. 




(2): 



-•"-""""liinniliiiiiiiiir " ) 



bond with the 5' azido-modiiied DMA. 

of the DNA ch* «s, g ~ — 

chemistry ^ Solving the folWne three steps: 

The DNA chip was constructed as shewn in B , utari amidate (1). Glutanc 

.Synthesis of the crossUoher sueetnioU- * ^C«»* 
anhydride*.* g.22.7 ^ _ tempcratU re. After the 

mmol) were dtssoived in CH2CI2 (50 mL) and > ^ ^ 

CH2CI3 solvent was evaporated, the restdue was ac.dtftcd ^ 
The solvent we* removed under vacuum and the crude mature was P 



. ,r H (M CH-,OH - 51, R, 0 45) «o yield 2.77 g of pore *- P ropargyl 
chromatography (CHU,CH,OH S . ft 3 ^ ft ^ 

^taHamidic acid as a yellow so «1 (72/o H ^ & ^ 

» /• 1 t.rv -> T? ft 2H1 2 24 (t, 2H). 1.88 (m, ^hj. .-tmiv <. 

n «n 7. 5 8 34 0 2 4 L HRMS (FAB*) Calcd for CH.^N (IWO. 

in CHjCh (25 ^ — ^^ide (HOC) (0.4* * 2.4 

mmoI ) at room temperature. After * fo _ ^ ^ _ 

and the acrueous layer was extract w»h CH,C1 2 (30 mL). 

was hcd wi* brine, dried over Na,SO„ and — cd ^ ^ 

C400 MHz, COC1,) 3.99 <„ 2H),2.81 (,. 4* fc£ ^ ,,,, 

2H). »C NMR (75.2 MHz. CDClj) ». 171.3. 169.3, y»* 1*3. ^ 

29.0, 25.5, 20.6. HRMS (FAB*) */*: Calcd for C«H,*0sN, (M + H*), 267.098 



267.0995. 



r. i 



„. Sy.be* oft, az^ 

in Scheme 1) was prepared * *o*— ^^J^. f _ dusi n B 

the M«3 -28 reverter sequence. ft. mm _ wo spaX!er Ig 

with an 'A' nucleotide inserted alternately OKMCrfM). Hve 

rem and one y-amtao-modifier C6 pnosphorarnidtte (Glen Resear,h, 
phosphoramuhtes (S18) and one ^t-jdo-labeling of this DNA molecule was achieved b>' 
Sterline VA) were added subsequently. Azido-labeling oi m 

Sterling, va| succinimidyl 5-azidovalerate in 0.25 M 

reacting the above 5' ammo-rnod.ficd DNA wrth Bzido . la be1«l 
WXtf-^ W CPH 9.0) for 1* h at room ^^^1^^ 
„KA was putted by size— *_P *J- • ^^ZZ^ 
. . -rue D MA product was analyzed by MALDi ivjr * 

MS measurement for DNA. 



», DNA immobilizatton on * g.ass 3crf.cc. The amino-modified glass stide (S.gma) was 
cleaned by immersion b-o a basic solution (dimetHylformamide (DMH^iV-dnsopropy. 
famine (D1PEA) 9 H v/v) for , h. son.cated f* 3 min, .ashed with DMP and etHanoU and 
J ,, ad U, A, The orccH^ surface was Penalized to conta.n a tenruna, 
alkyne group * immersing ft into the alfcyne crosier soiution 120 mM or £ 
prTargyl glulariamida.e 1 in DMF/pyndine (9/! vrV)l for 5 h at room temperaru^ Atie, 
II X for 5 min, me .lass surface was washed with UMF and ethanol and dried underA, 
maz idc-,beledD»Awas^ 

DNA solution was then spotted onto the al.ynyl-functiona.izcd glass surface m the form of 4-pJ. 

The , ass slide was incubated in a humid chan.be, at room temperature for 2 b *- -she 
with deiunized water (dHjO), and SPSC buffer (0.25 M sodium phosphate, 2.5 M ' 
Itcnsive.y for 1 h to remove nonspecific bound DNAs (31), and fmaUy nosed w£ «*0 
Mdeftanol. AFM and water contact angle measurement were used to character** the change on 
the surface after each step in the immobilization process. ; 

Polymerase — - reaction on the DNA chip constructed by 

cyI.aa.tio- chemistry. The overall procedure for the .action . shown m Scheme 2 . Each 

TdLed DNA as described above. The formation of a stable hairpin was a* c^ned * 

covering me entire surface with IX reaction buffer (26 mM Tris-HC, 6.5 mM M«Ch» pH « . 

-, rllflmb er at 94 X for 10 min to dissociate any partial hairrm structure, 
incubating it m a humid chamber at 94 C ror iv increa sed to 

and tnen incubating it at 4« X for 10 min for rearmealmg. Tbe temperature was the* n^ o 
n - C to facilitate the primer o tension reaction- In the spots a 0.5 pU soluuon — n g of 20 
pmo, of dTTP, 0.5 U of Thermo Sequent and IX reaction buffer was added. In the spots ^ 

7:11 : solution « 

and IX reaction buffer was added In the spots * a 0.5 pL solution consistmg of 30 p 
OT 20 pmo. of dCTP, 20 pmol of dGTP, 0.3 U of Thermo Sequenase and IX reaction buffer 
TadT^ slide J^^^S*. — ..-^ 
Ihcd vigorously with flfcO. SPSC buffer, SDS and ethano., and dned hncfly. Then, a 



0 5 uL solution of 1 0 pmol dye-labeled dNTPs (Perkin Elmer) (Cy3-dlJTP for a, ^'^"^^^'^ 

* ot and a S i» e le base extension reaction wa S performed at 72 X for 5 nun. After the 
each spot and a smgle base sDg ^ lhe 

c.^c-^ was thoroughly washed again with dH 2 0, S>rbL ouner, 

surface was thoroug y a ScanAlTay Express rotcroarray 

fl 3T^^l— ^ each « - - Cerent — 

each of the fluorophores are J follows: FAM - 496 nm; - 25 ^ 
^ x_ = 568 nm); Cy5 (X,, = 650 nm; - 668 nm); Texas-Red (X,, = ^ >™ 
ZX investigate the possible nonspecific binding of DNA .aad free nucleotide, on the alkyn. 
Wn) T ° ,n 8 . ^ A ftrA Iood DMA and free dye-lnbeled nucleotides were spotted on 

were repeated. 

741.2611; Found, 741 .2583. BodipV -6S0 prepared above and 

,. ,ri/v „,« r was prepared using PC-Bodipy o™ H . ^ 

,. ct <io.NHS /i «'« 'h NMR(400 MHz, CD3OD) 8.13 (d, 1H), 7.97 (A, 1H), 7.63 (m, 

(M-rtO. 882^674; Found, 882.2697. pC-Bodip>-650- 
aClW**^ -synthesis from the coupling 

NHS ester and S-aminoaUyl^'-deoxycytidine-S'-triphosphate (dCTP * 



biotechnologies, CA). To a solution of dCTP-NH, (1 mg, 2 ,-1) * 300 M L 0.1 M 
N^CCVNaHCO, buffer (pH 8.5) was added PC-B^py-650-NHS ester (3 mg, 3-5 umol) m 300 
uL ocetomtrile and then stirred at room temperature for 5 h. Preparative thm .ayer 



f / / 



o o o o_ 



rtCTP 



o o o :.o 

: |E- .jSJ -|E- " (S - 



% 6 © 6 




Scheme 2. Polymer, extend -^0^^^^- ^^^^ 
constructed using the 1,3^1^ ^Vfluorophores used to label the 
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„a .he ft..,™.* containing dCTP-PC-BndipHISO — c.Ue»od and P"'™ 
«v.„e-pb.xe HPI.C ™in g .«» eondido,. a, descHbed p^k-ly (I*™- •*-»' - 
pnrif.ed convpoo.d dCTP-rC-B^ipy^ « »y » » "T" * 

^Ju » MAUH-TOF MS (OOod, 666* Poond, ««. The M <- » 
described in the next section. 

n™. .MALDI-TOr MSch.raceri2..ion of lb. DMA cx.e~s.oo prodoc. 5- 
^AGOATCCAA^AGACO(i 1 C-ROX)a-biotin-3' containing dUTP-POB-OX: 

Found, 7307). 

Ch-racterixation of the photode.vable nucleotide analogues us.ng a DNA extension 

reaction and photacleavage studies. „rrp PT 

^-/^X The reacts was conducted „ dUTMC- 

ROX ddCTP-Blotin (PerKio-Elrne,). prime, (5*-AGAGGATCCAACCGAGAC-3 ), and a 

"nA template (100 bp) co^S » a p-*- - - * - £ 

. i„m« t!m> two nucleotides in the template 
followtaB a Mniilar pixKedure as reported previously (15). The two nucieon 

!ZU ndjjn, » * annealing *. of .be — «** *~ 

wld be — ~ — * * °* - — -C^«»- ^ 
... ..rc»- ar.Kin-Bi.ainfFiE.2) . 11* reacdon mixoire coni.sied of 
E enen»e .be UNA figment 5 -WPCROTO-B »*. HTO ' iaCT P*io.io. 
20 pmol of ■em**, 40 p»ol of primer. 40 pmol of dUTP-PC-KOX. oO pm . o 
2 X of .»« —ion boffer. «,d 2 .» of The™, oo^e DNA I"*—- - ' — 
1„ of 20 ,.L. The rencioo con,i»ed of 30 cyCes o, 04 -C fo, 20 sec. -C for » - 
« , for 60 .ec. Sunken,,,. - extension pnadec, - portOed » 

™3«d -d freexe*« for MALDJ-TOP MS men— end poo..*™ «• »~ 
procedure as described (15). 
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actt> PC Hodiov-650 A DNA extension reaction was conducted 
DMA extension reaction using dCTP-PC-liodipy-oiv^ , 

usin. dCTP-PC-Bodipy-650, ddGTP-biotin (Perkin-Etn.er), primer (5 -TCAAGOACGT- 
ACCCGC-3), and the same template as above. In this case, the fwo nucleotides in fte template 

...j V-CG-3' Thus, die extension reaction 

. i , w«rr tf-Bodiov-6S0. and then G) to generate the 
m ,,ero,i™w after ex^sion by only »oh^(C->^Bo<ln>y-<>. >» ' ' 

DNA fragraera. The **** ^om «» «- » — * 40 »"*•.«« 

Bodipy-«5C. was used inararf of dUTP-PC-ROX. The downstream puHfteanon. subseaoeo, 
MAU>I.TOR MS rcehsuremeh. «td phohdysl. ««e performed in dre sura: tnanner as above. 

Bodipvl.5,0 CO praol), Thermo s^enase <2 V).«? >* « ^ " *' 

l P ; f *e shK.ee .n— ed with the -H— «A. - « ^ 
™ allowed to ihcmporate into i. Prime, » " 'C <* '»»• *«" "* " Hl °; 

hlr »..% SDo, L.O and etbanol. *e surface was stated with .He ScanArauy Eapr- 
nricrratrmy scanner to detect fc ftnomscenc. To perform the photccleavage ««M» 

chip was by UV light <X-3-0 nm> for .0 mi. in. ^ 

olotio.. After wa.hi^ with dH.O, M Mr. 0.1% SDS - - ~<~ "» 

.gam to comp»e *e in.enaity of ri„re«e«e after phothcleavage wrth tjte^ 
Zl.ce intensity - This was followed by dt. ..corpora,,™ - -^"-^^ 

„e a.ba.,0... waabi.g. . - ZZZZZZlZ 

described above. The next three steps in.ol.ed prime, extension by dUTP-PC-ROX, Ore. by 

£ T P and dW-PC-B.dipy-PL-510 and by dATP «T«C««. -* * 

„™hmg, detection »d photoclea.ag. step, rented beh«en e^y — 

The and emis*on rhwrfra. for »ch ftumopbora - » * £££ 

fhromacm,. tnaeleorides »« a. follows: Bodipy-FWIO 0* - >~ " '» ""»• 

«0 P^s, - 6W »m; K.- «0 ran); ROX (X*. - 575 nm; -d»2 nm> 

coupling chernistry to nftach the ^ DNA dhto da, allrvne-mcdifted gb«. starfa-m 
d, pteaLc of a Co,» o«.,yeh This e^loaddioon is c,ftied tad under tra.d reaet.on eoudibon. 
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in an aeneous solution with high se^vity and efnci.ncy.In addition, the two ^ 
(azido and alkvnyl) to be coupWd *e vet, stable in aqueous condition, Tbus. the ^ 
cyc.oaddition coupling chemistry provides, an idea, coupling reacnon to .ounobiUze DWA 
Tvlntly on a sJL to constat a DNA chip. During the i.mobilizarion process, *e change 

r^phy of thcsolidsurfaccwas Stored -*-^^^CP*«."W— 
ui topograph o . . ; ; ^. Wi ., 3 tson of the alkynyl crosslinker led to ar, 

information). The AFM oata u^ca* -a Ac ^^r' 00 ° y 7 . . iM<Mjrimhv 

increase in the grain si* front 0.0035 u»* to 0.0079 W and a smaU change m the topog^hy. 
The AFM image of the immobilized DNA layer showed many peaks distributed over *e 
Eachpealcsho^theirmnohiliz — "^'J^ 

^(laverageva.ueisS.nmVBecauscd, ^^^^^^ 
snowninSchetnelisabout^tu, these ^^l-»r^^ 
more likely folded. To further confirm DN A . attachment on the 
lasurerneLwith dH,0 drops was performed on the amino-modified surface, 
surface Md *e surn.ee w*h immob^d DNA using the same substra^Tbe <~g£ 
me alkyno-modined surface (47U1') - simUar to that of the ^^^^^^ 
jTthe contact angle of the surface with immobilized DNA (34^) predtctably decreased 
drasticaUyd^etothehyo^pbjlicityofDNA. . 

extension reaction was carried out using wu.<.u» 

bee. M to be thennelly it** with ° r C P2 >- °" * 

^1 wos Onsen os . AGACATA, consist -*!—-»" ^^^1. 

of DNA on the 6 U» — * — * — - » 
.nodined ,oo P DNA was spotted on the eKp »*- *»» - ^ * ^ 

„«, wen, mrfe fo, ~b Ub.l «• *«»™««e the <*n*ab*9 of the <U~). A~- 

fce oon»le« d^nnndon „d sons^en, --»*P- «— • * «- «» «• 
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the extension reaction, unmodified dNTPs (none for spots a, dVTP for spots H, dTTP and dCTP 
for spo* c. and dTTP, dCTP, dGTP fox spots* and Thermo Se q uenase DNA Polymerase were 
added to each spot in accordance to the 7-b P seance mooned above. After the pnmer 
extension reaction, the four spots t. c and . each had the primer extended b y ~ro one^ three 
md five bases, grating DN A moieties wiih free A, G. C, and T bases 

the temol.te ^tively. Fach of four dye-.abeled dNTPs (Cy3-dUTP for «, 
Cy5-dCTP for ». FAM-dGTP for c, and Texas Red-dATP for J) was then added to the 
corresponding spot to allow the correct incorporate of a specific fluorescent nuclide 
^plataU^^ 

fiuoLcence signals with different colors .ere generated by using the ScanArmy — , 
matching the fluorescence emission produced by the fluorescent nuc.eohde .corporate* on h* 
pTmcul r spot. These resuUs confirmed that the fluorescent nuc.eotides were accurate^ 

seized DMA chip was thermally stab* at high temperature. Tins estab Ush*, the feas bdrty 
Carrying out DNA extension reaction on the eh*, corseted by l,3-d,polar aztde-aUcyne 
cycloaddition coupling chemistry. 

v nf rYMA and free nucleotides on the chip as 
We also investigated the nonspectfic b.nd.ng of DNA and ire* 

negative contro.s. Amino-rnodified DNA (DNA without azido group) was spotted onto tte 
aCte-modified surface, and the washing and primer extension reactions were performed ,n *e 
e!^ same manner as desenbed above. The comparison of fluorescent int.ns.ttes frorn the 
^ed DNA with those from me azido-.abeled DNA showed - - , 
DNA contributed to ,e SS than !0% of the fluorescence signal, thereby mdtcatmg that *e 
Specifically bound DNA was efficiently removed during the washing step. Stmnafly, the 

+JL contribute to less than .« of the fluorescence signal. Th.se resu ts P" - 
^jority of the fluoresce signal was obtained ^cificaDy from the cov.ently bound .DNA 
and Jrefore established the high efficiency and spec.ficity of the 1,3-dtpolar cycloaddtlton 
chemistry in covalently attaching DNA on the solid surface. 
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To de— ate the feasibility of curving out DSS on the chip, three fluorescent dcoxynucleoude 
rogues (dUTP-PC-Dcdipy-HL-510, dCTP-PC-Bodipy-650 dUTT-PC-ROX) (Ftg. 1) -re 
sy Jl e d and used to per*™ a sconcing reaction on the solid surlac. ^ — e 
Rogues were synthesized by a similar synthetic method as reported befor, , (15> Th«* 
nucleotide analogues have different fluorescent dyes attached ,o the 5 postaon of *e ba* (U Q 
^ugh a nhotocfcav:*,* ^troben,y, .inker. Previously, we have demonstrated that n 
nucleotide ana.ogue dUTP-PC-Bodipy-FL-510 can he faithfully i ncorporated by DN .A 
polymerase into a growing DNA strand in a solution-phase potymerase react.on, and that ,ts 
Ration does not inhibit the addition of the subset nucleotide. We ^ also ^ 
tnat near-UV irradiation .eads to the efficient release of the fluorophore, ensunng that the 
previous fluorescent signal does not leave any residue thatcould otherwise .nterfere 
Lection of the subset nucleotide (1 5). Here, we — - 
analogues dCTP-PC-Bocnpv-650 and dUTP-PC-ROX in a similar manner and have tndud^Hhe 

> ™, a DNA extension reaction using dU I Y- 

dato for dUTP-PC-ROX as an example. We performed a DNA cxte 

PC ROX ddGTP-biotin, and o synthetic template (100 bp) corresponding to a port,on of the 

V 



o * o 




8 



\~" <CI 
OH 



V"- 
m 

c . <m/A» Hl)TP-PC-ROX(B)anddClT-PC-Bocu P y-650(C). 
ng.1-SlnicturesofdTJTP-PC-Bc^my-FL-$10(A),dUll ; 
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/pjg 2) The purified product 5'-U(PC-ROX)G-Biolin was «uHy»=d by MALDI-TOP MS us 
shown in Fig. 3 (A), where a strong peak corresponding to 5 --13(PC-ROX)G-Biotin (m/z 7307 
Found- 7308, Calcd) is observed. A small peak at m/z 6570 .hat corresponds to the photocleaved 
fta^ent 5-UG-Biotin (m/z 6569, Calcd) was also observed, litis is due to the photocleavage 
Juced by the nitron laser pulse (337 nm> used for ionization in MALD1-TOF MS analy^ 
These results indicated that dUT?-PC-EOX v*s czttcienay meowed into the growmg DMA 
strand by a DKA polymerase. and that its incorporation does not hinder the addition of the 
subsequent nucleotide. 
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Complete photocleavage of the fluoropnore, ROX, from the DN A extension product 5-U(PC^ 
ROX)G-Biotin is essential for the successful application of dUTP-PC-ROX ,n the DSS 
approach. We investigated the photocleavage efficiency of the DNA extension product by 
MALDI-TOH mass spectrometry. Three mmutes of UV irradiation at 340 nm of the solution 




4000 



5200 



6400 7600 

Mass (m/z) 



8800 



10000 



5 '-U(PC-ROX)C-Biolin - 340 nm). 
containing the extension product 5 -U<PC-ROX)G-Biotin eliminated the corresponding peak 
(m /z 7307) in the MALDT-TOF mass spectrum hut significantly increased the stgnal of the 
photocleaved fragment 5'-UG-Bio«in (m/z 6570) as she-™ in Fig. 3 (B). These data confirm that 
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the fluorescent dye is completely released from the DMA template in solution within 3 min of 
UV light irradiation at 340 am. 



\ — TTm ^3nmO: 



4 TTTTWtM^-rJJTJ-n' 

m 



j »»»•••• 

3 TtTTWOO 

J TMO-UGUGU- 



ummrrr^C-fbK d 1 r.TTftlACAGA 1 1 t I I fT' *) 



(tO) 

■■■■■■■■■I 



(1) (2) (3) (4) (5) 



(6) ! *(7) (8) (9) (10) 



Tlg . 4. Scheme represent of DNA ^ ^ » ^^^5 

fl* re S ccm nucleotide* (top) »<1 ^/^^^ a ~™TpC B^y^S iof(3) »tL of dCTP- 
Incorporaliou of dlTTP-PC-Bodipy-FL-SlO: (?) ot 

Inoorpor^ion of dATP and dt-TP-PC-ROX; (10) Photocle«va8° of PC-ROX. 

The procedure for DNA sequencing by synthesis on the chip is illustrated in Fig. A (top) and Ae 
corresponding fluorescence image for each step is shown in Fig- 4 (Bottom). The sclf-pnmed 
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DNA was first extended using DNA polymerase and dUTP-PC-Bodipy-FL-5 10, complementary 
to the 'A' on the template. After vigorous washing, the extension of the primer was confirmed by 
observing a blue signal (the emission of Bodmy^lO) intbe scanner with 488 nm exci»uon, 
which is produced only if dUTP-PC-Bodipy-FL-510 is successfully incorporated Into me DNA. 
After washing and detection, near.UV irradiation was applied to cleave the fluorophore from the 
DNA, which should in principle remove the bV,e signal efficiently. The sinned fluorescence 
images obtained from our experiments were shown in Fig. 4 (Bottom). After the first 
incorporation by dUTP-PC-Bodipy-FL-^O. a blue signal was detected [(1) in Fig. 4]. Thrs blue 
signal from Bodipy-FL-510 was almost completely removed after 10 min of near-UV riradtauor, 
pacing an image with fluorescence levels close to background [(2) in Fig. 4]. The integrated 
fluorescence intensity on the spot, obtained using the scanner software, indicated that more than 
97o/o of the original fluorescence signal was removed by photocleavage. To illustrate the 
continuity of this reaction on the solid surface, wc next used dCTP-PC-Bodipy-6 0 
complementary to the 'G' on the template, to produce a red signal (emission from Bodipy^O) 
at the same position on the chip in the scanner with 633 nm excitation [(3) in Fig. 4], whtch was 
again almost entirely removed after photocleavage [(4) in Fig. 4]. We repeated this process three 
more times first using dUTP-PC-ROX that gave an orange signal (emission from ROX wuh 594 
nm excitation) after mention [(5) in Fig. 4], then dGTP with dUTP-PC-Bodipy-FU-5 10 K 7) 
in Fig 4] and f.nallv dATP with dUTP-PC-ROX [(9) in Fig. 4). The fluorescence mtens.ty 
obtained after 5 cycles of incorporation indicated that the incorporation efficiency was about 
90% m this manner, we identified a 7-nucleotide sequence in the DNA template by a.ternate 
mcorporation, detection and photocleavage using the three photocleavable nucleotide analogues. 

To make sure that the observed fluorescence signal is not due to fluorescent photocleavable 
nucleotides noncovalently bound to DNA, we carried out a control experiment, in ^ch we 
incubated the self-primed DNA moiety with dUTP-PC-Bodi P y-FI.510 after step 10 [^) m Ftg. 
4] in the absence of DNA polymerase. After performing the washing steps as desenbed before 
the fluorescence intensity observed was less than 3% of that seen after step 1 [(1) » F.g. 41 
proving that the strong fluorescence signal i. oniy observed whs; , Ascent nue,eofcde 
complementary to the free base in the DNA template is specifically incorporated mto the DNA 
strand. The above results firmly established mat the fluorescent photocleavable nucleoudes can 
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,,Mi strand on 8 solid surface. 

and by alternately using photoclcayage vntb pniner extens 
continuously carried out on the chip* sequence »NA 



solid surface. 



, „/a r, and T), each consisting of a 
^ «»»««< «. attached ■„ *. b- «™»» • K** n „ 

^ dna — » . ** „ ^ — ££L* - * 

nucleotide on each spot of the chip. Upon p ^ ^ incorp orate the next 

regenerating the 3'-OH group, the polymerase reacuo y ^ 

entire template will be 

nudeot.de analogue and detect the next base and so on ^ 
fenced. Since the pbo— ts — wffl fcc ^ .deleave,, 

residual fluorescent dye = is ^^^LJ^^^^^ 
ensuring a constant tow background. Thecoval-t of phoTOclca vable 

coupling chemistry for nntnobtl-ng ^ it velo^ment of single molecule DNA sequencing 
ii^-^^^^^r^*^,, efficiency of nucleotide 
«*» ligitat ,ene expression analysis ^ least 25 ^ per soot on 
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• p <?V The AFM data indicate that the 
The AFM images of the glass chip grain size from a diameter of 

the -^r^T^Z^^^^-^ AFM image of 
LZuTW) nm to 140 nm and a small cha °# A - J v * r the surface, indicanng that the 

ohT^edDNA »ay«r showed many peaks distributed over tne ^ 
SSSSKl W f. - the jg^-^&fSb nm £ av^gevaloe 
immobilized DNA molecules w.tb a height range DNA shown id Scheme 1 j* 

US9 nm). Because the predicted length of a Mly * etc " molecules are more likely folded. 

Snm, these data indicate ^.^"J^S^W than the space ocenpted by 
Tht neaks are approximately 100 nm in diameter, si suEeesting that each peak in the 
molecule fa. me particular foW g^gSSP^""**" 1 ^ ""ST 
A ffim-ge - -^rauon of the 

of DNA molecules, wh.ch P™ d £f ™ °l, lYm erasc reaction, 
corresponding nuorescent nucleohdes ra a polymerase 




F lg. SI. Surface topographic map by AFM; i^^^^^S^^ 
« "^cal tapping „ of *. KHz and a 

nominal scanning rate of 1 Hz. 
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1 



What is claimed is: 



1. A method for determining the sequence of about 1000 or 
fewer copies of the same DNA, wherein (i) each DNA is 
bound to a solid substrate via 1,3-dipolar azide- 
alkyne cycloaddition chemistry and (ii) each DNA 
comprises a self-priming moiety, comprising the 
following steps for each nucleic acid residue of the 
DNA to be sequenced: 

(a) contacting the bound DNAs with DNA polymerase and 
four photocleavable fluorescent nucleotide 
analogues under conditions permitting the DNA 
polymerase to catalyze DNA synthesis, wherein (i) 
the nucleotide analogues consist of an analogue 
of G, an analogue of C, an analogue of T and an 
analogue of A, and (ii) each of the four 
analogues has a pre-determined fluorescence 
wavelength which is different than the 
fluorescence wavelengths of the other three 
analogues, so that a nucleotide analogue 
complementary to the residue being sequenced is 
joined to the DNA by the DNA polymerase; 

(b) removing unjoined analogues; 

(c) photocleaving the fluorescent moiety from the 
joined analogue; and 

(d) determining the identity of the photocleaved 
moiety, 

thereby determining the sequence of the DNA. 

2. The method of claim 1, wherein the solid substrate is 
glass or quartz. 
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3. The method of claim 1, wherein the number of DNAs 
sequenced is fewer than 100. 

4. The method of claim 1, wherein the number of DNAs 
sequenced is fewer than 20. 

5. The method of claim 1, wherein the number of DNAs 
sequenced is fewer than five. 

6. The method of claim 1, wherein the number of DNAs 
sequenced is one. 
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